Abstract. Using acoustic resonators, we have investigated the mechanical stiffness of contacts between rough surfaces. In the first part, the underlying acoustic model is validated with experiments showing a transition from elastic to inertial loading. The second part is concerned with the increase in contact stiffness induced by transient exposure to a humid environment. A novel mode of surface deformation is proposed, which builds on a capillary instability. Under certain conditions, a slight decrease in the mean distance between the two surfaces may induce a rather strong increase in capillary attraction, while leaving the elastic forces of repulsion almost constant. The thus-created negative differential spring constant induces a collapse of the gap in-between neighboring load-bearing asperities. The initial decrease in distance may either be induced by local asperity creep or by distortions of the contacting surfaces on a larger scale, which improve the interlock of the asperities at a small cost of strain energy.
Introduction
The mechanics of the contacts between rough surfaces is of outstanding importance in many areas of science and engineering, including such diverse disciplines as geophysics [1] , the food industry [2] , mechanical engineering [3] , MEMS technology [4] , dry and wet granular media [5, 6] and others. Control of friction and adhesion is the overriding target. As first emphasized by Bowden and Tabor [7] , an understanding of friction phenomena must include the microscopic scale. The true contact area is much smaller than the apparent contact area, because the contact is established across a large number of asperities. Contact mechanics studies on individual contacts with nanoscopic control of the geometry have become possible by the advent of the atomic force microscope (AFM) [8] - [10] . A second popular instrument of nanotribology is the surface forces apparatus [11, 12] .
In macroscopic friction experiments, one usually deals with multicontact interfaces (MCIs) [13] . The statistics of MCIs is rather complex [14, 15] . On the experimental side, one of the classical properties of MCIs is their pronounced aging. For instance, the static friction coefficient increases logarithmically with the time of rest, as already noted by Leonardo da Vinci [16] . Interfacial aging was originally attributed to asperity creep [17] . Of late, capillary forces have been identified as an important, second contribution to a time-dependent contact strength [18] - [20] . Aging on a much shorter timescale causes a decrease in the dynamic friction coefficient with increasing speed in humid environments [20] . This decrease contrasts the increase of friction force with sliding speed found in vacuum [21, 22] . The effect goes back to the transient formation of capillary bridges, which is less likely for fast motion. Interfacial aging is also observed in colloidal probe experiments, where the pull-off force is determined as a function of the time of rest [23] . The phenomenology is rather complex, which is partly due to roughness. Most of these studies concern either dry or wet contacts. Much less work has been done on contacts which have been exposed to humidity at some time in the past, but are dry at the time of the experiment [24] . Rough surfaces memorize such an exposure to water because capillary forces are hysteretic. Once the asperities have been pulled into contact, they remain in contact even after the interface has dried out.
The work reported here makes use of a novel method for investigating MCIs, which is based on the reflection of acoustic shear waves at the interface [25] - [27] . The frequency of a quartz 3 crystal resonator (a 'quartz crystal microbalance', QCM) contacting a rough interface (or, more specifically, an array of rough spheres) increases in proportion to the stiffness of the contact, as was first noted by Dybwad [28] . Dybwad's model is reproduced in detail below. Essentially, the contact increases the overall stiffness of the composite resonator, which increases the resonance frequency. Dybwad was concerned with a single sphere-plate contact, but the model is more general. The central assumption is a concentration of stress and strain at the points of contact [29] . Multi-asperity contacts are also covered by the model as long as deformation is confined to the contact zone. Acoustic resonators are rather unique in their capability to test the stiffness of microscopic contacts because they balance the force exerted by the contact against the inertia of the external object. Competing techniques, which make use of quasi-static forces (such as the scanning force microscope [30] ), require a good knowledge of the compliance of the apparatus itself. For acoustic resonators, the contacting object is 'clamped' by inertia. The forces of inertia are very well under control, which simplifies the experiment.
The first part of the paper describes an experiment validating the Dybwad model. The predicted transition between elastic and inertial loading is observed. A layer of glass spheres was placed onto the crystal. The sample was immersed in water and dried out subsequently. As the contacts dry out, the lateral spring constant of the sphere-plate contacts, κ S , increases. The phenomenon resembles the sandcastle effect [31, 32] . It is different, though, because a high stiffness is reached when the sample returns to the dry state after having been exposed to water. The conventional sandcastle effect operates on wet or moist granular assemblies, as opposed to dried ones. We term the phenomenon investigated here the 'hysteretic sandcastle effect'.
In the second part of the paper, the mechanisms underlying the hysteretic sandcastle effect are discussed in more detail. While the thermally activated formation of liquid bridges is a possible pathway, we argue that instability in the growth of ring menisci is more likely.
Dybwad model
In the following, we briefly reiterate the Dybwad model. Even though the stress distribution around a point of contact, in general, is complex, the essence of the model can be captured by representing the sphere as a point mass, m S , coupled to the crystal via a complex spring with constant κ S * = κ S + iωξ , where the real part, κ S , represents an elastic interaction and the drag coefficient, ξ , quantifies the withdrawal of energy from the oscillation (figure 1). The drag coefficient ξ is not necessarily dominated by interfacial friction or viscoelasticity. Radiation of ultrasound into the sphere contributes, as well.
The equation of motion for the mass-spring assembly is
where w = W exp(iωt) and u = U exp(iωt) are the displacements of the sphere and the crystal surfaces, respectively. Solving for W , one finds
We define the resonance frequency and the damping coefficient of the sphere as ω S = (κ S /m S )
and γ = ξ/m S , respectively. ω S denotes the resonance frequency of the coupled resonance, as opposed to the main resonance of the crystal. The movement of the sphere relative to the surface obeys a resonance condition on its own.
When the crystal oscillates, the sphere exerts stress upon the crystal proportional to the relative displacement, w − u. In the following, we slightly modify Dybwad's model in order to describe a layer of spheres (with number density N S ), rather than an individual sphere. Only for large spheres (diameters in the range of a millimetre) can a single sphere-plate contact be easily detected. For smaller spheres, it is much easier to employ a layer of spheres covering the entire crystal. The force exerted by a single sphere is then replaced by the stress, σ , exerted by the layer. We have
For dense packing, the number density, N S , can be approximated as the inverse area per sphere, that is
where r S is the sphere radius and d S is the sphere diameter. The load impedance, Z L , the ratio of stress to velocity, is given by
According to the small-load approximation [33, 34] , the complex frequency shift f * = f + i is given by
where f F is the frequency of the fundamental, is the half-band-half-width of the resonance, and Z q = 8.8 × 10 6 kg m −2 s −1 is the acoustic impedance of AT-cut quartz. The last approximation makes use of γ ω S . Note that the frequency shift is always much smaller than the frequency itself. In principle, equation (6) is implicit in frequency because ω appears on the right-hand side. Strictly speaking, one would have to insert ω + ω for ω on the right-hand side and iteratively refine the solution in order to stay consistent. However, since ω ω, one may leave it at the first-order approximation (i.e. use ω on the right-hand side). Figure 2 (a) displays the frequency shift, f, as a function of ω. The two regimes are separated by a singularity (assuming vanishing dissipation, γ ≈ 0). Figure 2 (b) displays the same relation (for non-zero γ ) as a function of ω S rather than ω. In the experiment, the frequency of the resonator, ω, was maintained (almost) fixed, while ω S increased by orders of magnitude as the sample dried out.
At frequencies ω much smaller than ω S , the motion of the sphere is in phase with the motion of the crystal. Taylor's expansion of equation (6) to the first order in ω yields
which is equivalent to the Sauerbrey equation [35] . In the opposing limit of ω ω S , a different picture is found. Taylor's expansion of equation (6) to the second order in ω S yields [36] 
where n is the overtone order. The QCM measures the elastic stiffness of the contacts. The shifts of frequency, f , and half-band-half-width, , are proportional to κ S and ξ , respectively. In the elastic-coupling regime, equation (8) predicts a positive frequency shift proportional to the inverse overtone order, n (see inset in figure 4). Inverse scaling with overtone order, n, proves that the Dybwad model applies and, also, that the experiment occurred in the linear regime [37] .
Transition between elastic and inertial loading
The following section describes a set of experiments supporting the Dybwad model. It turns out that the transition from elastic to inertial loading is not easily observed with conventional MHz resonators because the operating frequency is too high. The spheres would have to be micronsized in order to behave as a Sauerbrey mass. Spheres of this size aggregate spontaneously due to van der Waals forces and humidity. They are not handled easily. Replacing the thicknessshear resonator by a torsional resonator operating at a lower frequency, the transition can be readily observed with spheres in the 100 µm range. We employed the unit TQ56 from flucon fluid control GmbH (Clausthal, Germany). Its resonance frequency is 168 kHz (3rd overtone), which is a factor of 30 below the frequency of typical thickness-shear resonators. As proven in [38] , the small-load approximation (first relation on the left-hand side in equation (6)) also holds for torsional resonators, provided Z q is replaced by 2 f F M q (M q being the mass of the crystal) and Z L by the integral of the load over the surface. A statistical weight proportional to the square of the amplitude distribution, u, is applied, leading to (6) as a function of the driving frequency, ω. At small frequencies, the sphere moves with the crystal, whereas it rests at high frequencies. (b) Frequency shift, f, calculated with equation (6) (with non-vanishing dissipation γ ) as a function of the frequency of the coupled resonance, ω S . This diagram is closer to experiment. In the experiment, the resonance frequency of the crystal is (almost) fixed, while the resonance frequency of the sphere-plate system, ω S , sweeps across the resonance frequency as the contact is stiffened. The dashed line shows .
The term in curly brackets is the load according to Dybwad. Angular brackets denote an average over the surface of the crystal. The consequences of integration have been lumped into the factor β. β is smaller than unity because only the face of the cylinder was covered.
Since we do not quantitatively analyze the data shown in figure 3 , the value of β is unessential. The operation of the torsional resonator is described in more detail in [38] . Briefly, the complex admittance of the resonator is determined with an impedance analyzer (SA250B, Saunders, Phoenix, AZ). By fitting resonance curves to the admittance spectrum, one determines the resonance frequency, f, and the bandwidth, . The operation occurs in complete analogy to the operation of thickness-shear resonators in the impedance analysis mode.
Initially, the front of the cylinder was covered with a monolayer of glass spheres. Borosilicate glass spheres (MO-SCI) with radii 100 ± 10, 50 ± 5 and 22.5 ± 2.5 µm were employed. The surface roughness of the spheres was about 10-20 nm as determined with AFM. Borosilicate does not leach ions when exposed to water. The spheres were used as received.
The frequency shift induced by the deposition of the dry spheres is below the detection limit of about 1 Hz. Immediately after deposition, the contacts are weak and the forces transmitted across these contacts therefore do not perturb the resonance noticeably. Subsequently, a small droplet of distilled water was added (vertical arrows in figure 3 ). At this time, f becomes negative because of the loading with a liquid [39] . As the samples dry out, the frequency shift increases. In some cases, it turns positive as predicted by equation (8) . In others, it remains negative because of the loading with water.
After about 100 min, the frequency jumps to more negative values by about 100 Hz. We identify the jump with the transition between elastic and inertial loading. As predicted by equation (6) , the bandwidth peaks at the same time (see also figure 2(b) ). Figure 3 shows two wet/dry cycles for each sphere size.
This experiment is much less precise than the experiments performed with thickness-shear resonators (see below). Still, they prove that one and the same sample can be switched between a Dybwad state (weak contacts) and a Sauerbrey state (strong contacts) via capillarity. Figure 3 . Evolution of the frequency shift, f, induced by a layer of spheres with different radii as they experience the hysteretic sandcastle effect. At the times indicated with arrows the sample was wetted with a drop of distilled water. Subsequently, the sample dried out leading to a frequency increase. At some later time, the composite resonator reaches the secondary resonance predicted by equation (6) . The frequency drops, and the dissipation goes through a maximum. This secondary resonance constitutes the transition from elastic to inertial loading (equations (8) and (7)). The data traces show two cycles for each sphere size.
Hysteretic sandcastle effect and capillary aging
The following section describes more quantitative experiments carried out with MHz thickness-shear resonators. Because of the high frequency, the experiments occur deep in the elastic-coupling regime. With regard to quantitative analysis, experiments employing the standard QCM are more robust. We employed gold-coated AT-cut quartz crystals (Maxtek, Torrance, CA) with a fundamental resonance frequency of 5 MHz. The roughness of the gold electrode was about 3 nm as measured by AFM. The crystal was mounted in the cell at least one day before the measurement in order to reduce stress-related drifts of the resonance frequency. A monolayer of glass spheres (radius of 50 µm) was spread over the electrode surface and the resonator was placed in a closed compartment. The humidity (measured with the unit A1H from Rotronic, Switzerland) was regulated with an air flow in conjunction with two flow channels, one containing water and the other containing a drying agent (phosphorus pentoxide, P 2 O 5 ). The resonance frequency was determined via impedance analysis [40] , using the impedance analyzer E5100A from Agilent. Frequency shift induced by a layer of glass spheres of radius 50 ± 5 µm deposited on a thickness-shear resonator. The different curves correspond to the overtone orders n = 1, 3, 5 and 7 (5-35 MHz). Since the frequency is much larger than ω S , the composite resonator remains in the regime of elastic coupling at all times. At t = 18 min, the sample was exposed to a humidity of 85% RH. At t = 130 min, the chamber was dried, which induced a strong stiffening of the contact and, as a consequence, f . The insert shows the scaling of f with overtone order, n, in the high-stiffness state. Figure 4 shows a representative dataset. At t = 0, the spheres had already been placed over the crystal surface. As with the torsional resonators, the frequency shift induced by deposition of a layer of dry spheres is close to the noise level. After 18 min, the humidity was raised to 85%, leading to an increase in frequency. The behavior is still somewhat irregular. An impressive further increase of frequency by many kHz occurs when the samples return to the dry state after having been exposed to vapor for some time (t = 130 min). Clearly, the contacts have become much stiffer during drying. At t = 160 min, water vapor was admitted again, which immediately decreased the frequency. After the initial conditioning step, one can reversibly go back and forth between the humid state (soft contacts) and the dry state (stiff contacts). The inset shows that the frequency shift in the dry state scales as 1/n. The 1/n scaling proves that the system is in the elastic regime and, also, that linear acoustics applies. For large amplitudes and weak contacts, 1/n scaling is violated [37] .
Note that the humidity never came anywhere close to 100% RH. The spheres were at no time immersed in water. Drying the spheres from bulk water would have induced a much stronger interparticle adhesion. Bulk water was employed in the experiments described in the previous section. However, immersion in water entails the possibility of contamination. Since the ring menisci dry out last, contaminants may accumulate at the contacts. This would have changed the picture and was therefore avoided.
Contact stiffness
Application of equation (8) to the dataset shown in figure 4 yields a spring constant of κ S ∼7300 N m −1 for the dry state reached after the first cycle. In order to get a feel for the meaning of the spring constant, we convert the spring constant to a hypothetical radius of contact as calculated with the Mindlin model [41, 42] . The Mindlin model relates the radius of a Hertz-type contact to its stiffness under tangential load [43] . In the small-amplitude limit, Mindlin predicts a lateral spring constant of
The indices 1 and 2 label the contacting materials, G is the shear modulus, and ν is Poisson's number [42] . The subscript M indicates that r M is an 'effective' radius calculated with the Mindlin model. Being an extension of the Hertz model, the Mindlin model ignores roughness. For the purpose of this estimate, we insert G 1 ∼ G 2 ∼ 30 GPa and ν 1 ∼ ν 2 ∼ 0.17, which are typical values for crystalline quartz and glass [44] . Using these values as well as κ S ∼ 7300 N m −1 , we estimate a Mindlin radius of 0.1 ± 0.03 µm. The error reflects the uncertainty in the input values. This radius is to be compared to the contact radius predicted for flat interfaces by either the DMT or the JKR model. Using equations (9) and (10) from [30] and also assuming an adhesion energy around 1 J m −2 , we find contact radii of 0.7 and 1.0 µm for the DMT and JKR models, respectively. The contacts obtained after drying are still weaker than what would be expected for flat interfaces. The hysteretic sandcastle effect has only partly removed the effects of roughness.
The Mindlin model is mostly known for its prediction of partial slip, that is, of a ringshaped zone at the rim of the contact area, which slides while the center sticks. Partial slip has been observed with acoustic resonators [45] . Its signature is a dependence of the resonance frequency on the oscillation amplitude. We will report in more detail on these effects in a separate publication [37] . In this work, the amplitude of oscillation (calculated according to [46] ) was below 0.5 nm. This amplitude is too small to cause sliding. We checked for accelerated aging due to the presence of high-frequency shear and did find such effects at higher drive levels (U el ∼ 2 V, leading to an oscillation amplitude in the range of tens of nanometres). At the driving amplitudes used in this study, the aging kinetics is unaffected by the oscillation.
Capillary instabilities
As pointed out by Bocquet et al [18] , capillary aging between rough surfaces is hysteretic. These authors propose that the activated formation of liquid bridges is the main mechanism of aging. This kind of 'capillary aging' contrasts asperity creep. In capillary aging, hysteresis is caused by asperities, which are not in contact, initially. For sufficiently hydrophilic surfaces and typical ambient humidities (of-let us say-40%), liquid bridges between the asperities would be energetically favorable, but there is an activation barrier to their formation. The barrier height is about µ V/V mol , where µ is the difference in chemical potential between the liquid and the vapor phases, V is the volume of the bridge in the transition state, and V mol is the molar volume of the liquid. Once the barrier is overcome, the bridge is stable. It remains stable even after the vapor pressure is lowered.
While we agree that capillary aging is important, formation of liquid bridges can, in our opinion, not explain the experimental results. Note that there are differences in the experimental conditions of this work and the experiments reported in [18] . The samples investigated here were exposed to humidity much below the dew point (85% RH), and solidification occurred after drying out. In [18] , the samples were in an atmosphere close to 100% RH. Also, the contact strength was inferred from the critical angle in a rotating drum, which was determined in the wet state. The main problem with the liquid bridge hypothesis applied to our experiments is the height of the activation barrier [47, 48] . For example, the Lyon group calculates the activation barrier to be 100 k B T for a 2 Å gap between hydrophilic surfaces at 50% RH. This value leads to a small rate of bridge formation. A second problem concerns the force which such bridges can exert. While the negative capillary pressure inside the bridge may be large, the wet area is small.
As an alternative mechanism of surface deformation, we propose the unstable growth of ring menisci around existing contacts under the influence of capillarity. A quantitative estimate of the forces involved is provided in the appendix. Here, we only sketch the mechanism. Consider an asperity surrounded by a ring meniscus which experiences a capillary force (figure 5). Let the height of the gap be h(r ), let r w be the radius of the wet area, and let the wet area increase by some small amounts, for instance due to an increase in the ambient humidity. Since the capillary force, F cap , is proportional to the wetted area, the increased size of the ring meniscus will pull the two surfaces together further, decreasing h(r ). The decreased gap height further expands the wet region, which sets off an instability. Capillarity leads to a negative differential spring constant, κ cap . In the absence of repulsive forces, capillarity will always induce a collapse of the gap. This kind of instability is known from AFM experiments [49] . For rough surfaces, κ cap works against the elastic stiffness of the load-bearing asperities. The instability only occurs if κ cap exceeds the elastic spring constant, κ el . This will happen if the gap is shallow enough ( figure 5(b) ). The collapse is hysteretic for the same reason as bridge formation. Once the gap has collapsed, drying will only increase the capillary pressure, thereby pulling the surfaces together further.
A simulation of the capillary forces between rough surfaces is contained in [50] , which comes close to the experimental situation considered here. In this work, all asperities were modeled as spherical caps (cf figure 5(a) ). This geometry does not contain shallow voids and therefore does not produce the instability. It should be interesting to extend this simulation to more irregularly shaped surfaces. If the asperity protrudes from an otherwise flat surface, the slope dh/dr w vanishes at large distances from the asperities and the wet area strongly increases when the two surfaces are pulled together. The geometry chosen in [50] follows the Greenwood and Williamson approach [51] , where a rough surface is modeled as an assembly of independent, hemispherical asperities. Presumably, this model does not capture capillary instabilities well because it does not contain ridges in-between neighboring asperities. Such ridges produce shallow gaps upon contacting two such surfaces. The question of shallow gaps is related to the question of elastic interactions between neighboring asperities. The Greenwood-Williamson model does not account for such interactions, but they should exist.
In the appendix, we show that the capillary instability requires the inequality 
Such conditions are frequently met. In addition to a local flattening of the load-bearing asperities, long-wavelength distortions of the two surfaces can also bring the surfaces into closer contact, thereby enlarging the wet area around existing points of contact (figure 6). The elastic energy penalty associated with largewavelength, small-amplitude distortions is smaller than the penalty associated with localized asperity flattening. As far as the capillary instability is concerned, the mechanism remains unchanged. Such large-scale deformations require a slip between the surfaces. Lubrication of the interparticle contacts by the liquid therefore may be of importance in capillary aging.
Conclusions
Using acoustic shear waves, we have probed the stiffness of the contacts between rough surfaces. A first set of experiments demonstrated a transition from elastic to inertial loading, lending support to the underlying model. The stiffness of the contacts between the surface of a quartz crystal microbalance and a layer of glass spheres increased upon transient exposure to a humid environment. It is proposed that the growth of contact stiffness is aided by instability in the growth of ring menisci. Long-range distortions can also improve the mutual interlocking between the rough surfaces at a small cost of elastic energy. This mode of deformation requires slip, pointing to a lubricating effect of the liquid.
